Background: Cold exposure increases thyrotropin-releasing hormone (TRH) expression primarily in the hypothalamic paraventricular nucleus (PVN). The PVN is a well-known hypothalamic hub in the control of energy metabolism. TRH terminals and receptors are found on PVN neurons. We hypothesized that TRH release in the PVN plays an important role in the control of thermogenesis and energy mobilization during cold exposure. Methods: Male Wistar rats were exposed to a cold environment (4 ° C) or TRH retrodialysis in the PVN for 2 h. We compared the effects of cold exposure and TRH administration in the PVN on plasma glucose, corticosterone, and thyroid hormone concentrations, body temperature, locomotor activity, as well as metabolic gene expression in the liver and brown adipose tissue. Results: Cold exposure increased body temperature, locomotor activity, and plasma corticosterone concentrations, but blood glucose concentrations were similar to that of room temperature control animals. TRH administration in the PVN also promptly increased body temperature, locomotor activity and plasma corticosterone concentrations. However, TRH administration in the PVN markedly increased blood glucose concentrations and endogenous glucose production (EGP) compared to saline controls. Selective hepatic sympathetic or parasympathetic denervation reduced the TRH-induced increase in glucose concentrations and EGP. Gene expression data indicated increased gluconeogenesis in liver and lipolysis in brown adipose tissue, both after cold exposure and TRH administration. Conclusions: We conclude that TRH administration in the rat PVN largely mimics the metabolic and behavioral changes induced by cold exposure indicating a potential link between TRH release in the PVN and cold defense.
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Introduction
An efficient cold defense mechanism requires an accurate coordination of energy sources (e.g., glucose and fatty acids) and heat production (e.g., shivering and adaptive thermogenesis). The central thyrotropin-releasing hormone (TRH) system is known to be involved in thermoregulation and glucose metabolism, two important adaptive systems during cold exposure, through both endocrine and neuronal pathways [1, 2] . Indeed, TRH administration, either peripherally or centrally, has strong effects on glucose metabolism [3] and body temperature regulation [4] [5] [6] . In addition, animals with TRH deficiency exhibit impaired cold tolerance [7, 8] and glucose metabolism [9] .
The hypothalamic paraventricular nucleus (PVN) is an important integration center for the neuroendocrine and autonomic regulation of energy metabolism [10] [11] [12] . Both anatomical and functional evidence have suggested PVN as a pivot for autonomic regulation of glucose metabolism and brown adipose tissue (BAT) thermoregulation [13] [14] [15] . Even though earlier studies have suggested a central role of TRH in energy metabolism [4, 5, 16] , the function of TRH in the PVN in energy homeostasis has never been investigated. TRH receptors are present in the PVN [17, 18] , and TRH-immunoreactive axon terminals make synaptic contact with both TRH and non-TRH neurons in the PVN [19, 20] . Notably, within the hypothalamus, early cold exposure increases TRH mRNA and peptide expression exclusively in the PVN [21, 22] , pointing to a key role for TRH in the PVN during cold exposure. In view of these lines of evidence, we hypothesized that TRH release in the PVN plays a critical role in the control of two essential responses during cold adaptation, i.e. glucose metabolism and thermoregulation. Therefore, in the present study, we compared the effects of cold exposure and TRH administration locally in the PVN on circulating thyroid hormone, glucose, and corticosterone concentrations, body temperature, locomotor activity, as well as relevant gene expression in the liver and BAT. Our data indicate a central role for TRH in the PVN in regulating glucose metabolism and thermogenesis during a cold challenge.
Methods

Animals
Male Wistar rats weighing 300-350 g (Harlan Nederland, Horst, Netherlands) were housed individually in a 12 h/12 h light/ dark cycle environment (lights on at 07: 00), at a room temperature of 23 ± 2 ° C and 60 ± 5% humidity. Chow and water were provided ad libitum unless stated otherwise. All animal experiments were carried out in accordance with the guidelines in The Netherlands and were approved by Animal Care Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW).
Surgery
After 1 week acclimatization in the facility, animals were anesthetized by an intramuscular injection of a mixture of ketamine (80 mg/mL), xylazine (8 mg/mL), and atropine (0.1 mg/mL) (4: 2: 1, v:v:v) at a dosage of 1 mL/kg body weight. Animals were allowed to recover from the surgery for at least 1 week and until their body weight had reached pre-surgery levels.
Experimental Groups
Experiment 1 Eighteen animals were divided into three experimental groups. Animals in group 1 ( n = 6) received nano-thermo loggers (StarOddi Ltd., Iceland) both subcutaneously (T sc ) just above the interscapular BAT and intraperitoneally attached to the abdominal muscle layer (T ip ) for continuous body temperature recording. During the experiment, rats were housed in calorimetric cages within an air-conditioned chamber (TSE Systems GmbH, Bad Homburg, Germany) at either room temperature (23 ° C) for 3 days with a cold challenge (4 ° C) for 2 h at day 2, or at room temperature for 3 days continuously. Metabolic parameters, i.e. O 2 consumption, respiratory exchange rate, and locomotor activity were monitored. Animals were studied in a crossover design in both conditions with a 1-week interval (i.e., each animal served as its own control). Experimental groups 2 ( n = 5) and 3 ( n = 7) received an intraatrial silicone cannula implanted through the right jugular vein for blood sampling. During the experiment, rats were exposed to either room temperature (23 ° C; group 2) or cold temperature (4 ° C; group 3) for 2 h in a modified refrigerator where blood sampling was possible, without touching the animals, through the jugular vein cannula and a hole in the door.
Experiment 2
Fifty-eight animals received bilateral microdialysis (MD) probes adjacent to the PVN, for retrodialysis, using a stereotaxic apparatus (coordinates from Bregma: anteroposterior: -1.8 mm, lateral: +2.0 mm, depth: -7.9 mm, angle of arm: 8°) [23, 24] . The U-shape tip of the MD probe was 1 mm long, 0.5 mm wide and 0.2 mm thick. Probe placements were checked in 20 μm cresyl violetstained brain sections of each animal at the end of the experiment. Probe locations were scored from 0 to 4 on each side (0 being not in the hypothalamus, 1 being too far away from the PVN, 2 being close but too dorsal, 3 being almost correct but a little off, and 4 being a perfect placement) blindly with 2 people. Then, we added up the scores from both sides. Only animals with a total score higher than 4 were included in the final analysis, meaning that at least at one side the probe was very close to the PVN (see online suppl. Fig. S3 ; see www.karger.com/doi/10.1159/000492785 for all online suppl. material). Animals in experiment 2A (TRH MD, n = 18) also received a jugular vein cannula for stable glucose isotope infusion and a carotid artery cannula for blood sampling. In experiment 2B (TRH MD, n = 20), in addition hepatic sympathectomy (HSX), hepatic parasympathectomy (HPX) or sham surgery was performed as reported previously [25] . Briefly, sympathetic or para- sympathetic nerve bundles were cut using microsurgical instruments. Any connective tissue attachments between the hepatic artery and portal vein were also dissected, eliminating any possible nerve crossings. Animals with sham denervation surgery received the same manipulation as described above except for cutting the nerve. During TRH MD experiments, animals were connected to a metal collar hanging by a counterbalanced arm on the day before the actual experiment, i.e. the 2-h TRH administration. Food was restricted to 20 g overnight, which is only slightly less than the average consumption per night (i.e., 24 ± 2 g) for rats with a similar body weight. Two hours before the experiment, rats were connected to tubing for blood sampling, tracer infusion, and TRH administration. In experiments 2A and 2B, three blood samples were taken at -25, -20, and 0 min for basal glucose and corticosterone measurement. At time 0 (between 12: 00 and 13: 45), TRH (40 m M , Sigma-Aldrich, Germany) or Ringer's solution was perfused via the MD probes into the PVN at a speed of 3 μL/h for 2 h. The dose and route of TRH perfusion chosen in the present study will result in an estimated dose of 0.2 μg/h, which is within the lower range of other TRH studies in rat (0.1-40 μg single injection) [4, 16, [26] [27] [28] , but comparable to the TRH concentration during cold exposure (35-45 pg/15 min) as measured by push-pull perfusion [22] . Blood samples of 100 μL were withdrawn every 20 min, and blood glucose concentrations were determined. To assess endogenous glucose production (EGP), [6, 6-2 H 2 ] glucose (D2 glucose) was used as a tracer. Blood samples were taken at -125 min for background enrichment, and at -30, -25 and -20 min to determine enrichment during the equilibrium state and every 20 min from time 0 to 120 min to determine enrichment during the experiment. In experiment 2C (TRH MD, n = 20), animals were only provided with subcutaneous nanothermo loggers and MD probes as described above. TRH or Ringer's solution was perfused via MD probes into the PVN for 2 h. Locomotor activity was monitored using an analog piezo-electric stabilimeter with a sample rate of once every 6 min as described before [29] . The rat cages were placed on a baseplate, where the voltage output of the sensors is proportional to relative changes in pressure, i.e. activity of the rat. No blood samples were taken, and the animals were decapitated immediately after the 2 h of TRH or Ringer's solution administration.
Blood and Plasma Analysis
Blood glucose concentration was determined by a glucose meter (Freestyle TM , Abbott, the Netherlands) during the experiment. Plasma [6, 6-2 H 2 ] glucose enrichment was measured by gas chromatography-mass spectrometry as described previously [30] . EGP was calculated by the method of Steele [31] . Plasma corticosterone concentration was measured with radio-immunoassay kits (MP Biomedicals, Orangeburg, NY, USA). Plasma triiodothyronine (T3) and thyroxine (T4) concentrations were determined using an in-house radioimmunoassay as reported before (interassay variation T3, 6.2%, and T4, 7.3%; intraassay variability T3, 3.6%, and T4, 6.6%) [32] . Plasma thyroid-stimulating hormone (TSH) was determined by a chemiluminescent immunoassay, using the Immulite 2000 and a rat-specific standard (Siemens, Munich, Germany) with an interassay variation of ±9% and an intraassay variation of 3-4%. Within the same experiment, all samples were measured in one run to prevent interassay variation.
RNA Isolation and Quantitative PCR
Total RNA from BAT and liver was isolated using MacheryNagel RNA isolation kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany), and RNA yield was determined using the DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, DE, USA). cDNA synthesis was performed with equal RNA input using the Transcriptor First Strand cDNA synthesis kit (Roche Molecular Biochemicals, Mannheim, Germany). As a control for genomic DNA contamination, we included a cDNA synthesis reaction without reverse transcriptase. Quantitative PCR was performed using the LightCycler 480 (Roche Molecular Biochemicals) and SensiFAST TM SYBR No-ROX mix (Bioline, GmbH, Germany). The primers used for quantitative PCR are listed in online supplementary Table S1 . Quantification was performed using the LinReg software (http://LinRegPCR.nl); PCR amplification efficiencies out of 5% of the mean were excluded from analysis [33] . Values were expressed relative to the geometric mean of the two reference genes: Gapdh and Hprt which showed stable expression across treatments (online suppl. Fig. S4 ).
Statistical Analysis
Data are expressed as mean ± standard error of the mean. All analyses were performed with GraphPad Prism 6.05. Differences between two groups were analyzed using an independent twotailed Student's t test. The difference between rats exposed to TRH or cold and their respective control groups during the time-series blood sampling experiments was evaluated by two-way ANOVA with repeated measurements followed by Sidak post hoc analysis. Significance was defined at p < 0.05.
Results
Cold Exposure Increases Plasma Thyroid Hormones, TSH, and Corticosterone Concentrations
Plasma T3 and T4 concentrations were significantly increased 30 min after cold exposure (Time, p = 0.008; Treatment, p = 0.006; Time × Treatment, p = 0.003; and Time, p = 0.025; Treatment, p = 0.037; Time × Treatment, p = 0.014) ( Fig. 1 a, b) . The increases in T3 and T4 continued until the end of the experiment. Plasma TSH was also markedly increased during cold exposure with a peak value about 60 min after the start of the cold exposure (Time, p = 0.004; Treatment, p = 0.003; Time × Treatment, p < 0.001) ( Fig. 1 c) , as were plasma corticosterone concentrations (Time, p < 0.001; Treatment, p = 0.015; Time × Treatment, p = 0.028) ( Fig. 1 d) .
Cold Exposure Increases Body Temperature, Energy Expenditure, and Locomotor Activity but Does Not Affect Blood Glucose
When exposed to a cold environment, both subcutaneous (T sc ) and core (T ip ) body temperature were increased within the first hour ( ( Fig. 2 a, b) . T ip was increased earlier (i.e., 20 min after the onset of cold exposure) and for a longer period (up to 80 min) than T sc , but both normalized within 2 h ( Fig. 2 a, b) , i.e. when still exposed to cold. Energy expenditure as measured by O 2 consumption was significantly increased in the cold treatment group (Time, p < 0.001; Treatment, p < 0.001; Time × Treatment, p < 0.001) ( Fig. 2 c) , as was locomotor activity (Time, p = 0.014; Treatment, p = 0.018; Time × Treatment, p = 0.005) ( Fig. 2 e) . The respiratory exchange rate in the cold-exposed group slowly decreased during the first hour of cold exposure and stabilized at this lower value during the second hour of cold exposure (Time, p = 0.020; Treatment, p = 0.090; Time × Treatment, p = 0.008) ( Fig. 2 d) . Blood glucose concentrations remained stable throughout the 2-h exposure to a cold environment (Time, p = 0.198; Treatment, p = 0.185; Time × Treatment, p = 0.370) ( Fig. 2 f) .
Retrodialysis of TRH in the PVN Increases TSH and Corticosterone Concentrations, and Increases Plasma Thyroid Hormones after Two Hours
During the 2-h period of TRH MD in the PVN, plasma T3 and T4 concentrations did not change ( Fig. 3 a, Table S2 . n = 5-7 per group. Asterisks indicate significant differences between groups at individual time points. Post hoc between cold and control groups, * p < 0.05, * * p < 0.01, * * * p < 0.001. ( Fig. 3 e) .
In experiment 2C, plasma T3, T4, and TSH concentrations at sacrifice, i.e. 2 h after the start of the TRH administration, were significantly increased ( Fig. 3 b, d, f) . Plasma corticosterone concentrations also increased after TRH administration, reaching peak levels after 80 min (Time, p < 0.001; Treatment, p < 0.001; Time × Treatment, p < 0.0001) ( Fig. 3 g) .
Retrodialysis of TRH in the PVN Increases Body Temperature and Locomotor Activity
Heat production is one of the most critical adaptions in coping with cold. To test whether TRH could mimic the effects of cold on body physiology, we measured body temperature and locomotor activity before and after TRH administration. As expected, T sc showed a stable day/ night rhythm in both the TRH group and the control group with an amplitude of about 1.5 ° C and higher levels being present in the active phase (night) than in the inactive phase (day) ( Fig. 4 a) . On the day of the experiment, we observed a fast increase in T sc already 15 min after starting the TRH administration (Time, p < 0.001; Treatment, p < 0.001; Time × Treatment, p < 0.001). Moreover, the average of T sc was up to 1.6 ° C higher after TRH administration compared to the pre-treatment period ( Fig. 4 b) . Along with increased body temperature, locomotor activity was also significantly increased in the TRH group compared to the pre-treatment period ( p < 0.001) ( Fig. 4 c) . Body temperature and locomotor activity were not affected in the vehicle-perfused control group ( Fig.  4 b, c) .
Retrodialysis of TRH in the PVN Increases Blood Glucose Concentrations and EGP through the Autonomic Nervous System
Blood glucose concentrations increased more than 1 mmol/L within 40 min after the start of the TRH infusion compared to the control group (Time, p < 0.001; Treatment, p < 0.001; Time × Treatment, p < 0.001) ( Fig. 5 a) . EGP in the TRH group showed a gradual increase after the start of the TRH perfusion, which only reached significance 100 min after the start of the perfusion (Time, p < 0.001; Treatment, p = 0.007; Time × Treatment, p < 0.001) ( Fig. 5 b) . To investigate whether the TRH effects on glucose metabolism were mediated via the autonomic nervous system, we repeated the previous experiment in hepatic sympathetic or parasympathetic denervated rats. TRH administration significantly increased blood glucose concentrations in sham-operated animals compared to baseline ( p < 0.0001). HSX greatly reduced this effect (55.2% decrease compared to sham), but did not completely abolish the TRH-induced increase in glucose (Time, p < 0.001; Treatment, p = 0.003; Time × Treatment, p < 0.001) ( Fig. 5 c) . HPX also attenuated the TRHinduced hyperglycemia (47.6% decrease compared to sham) (Time, p < 0.001; Treatment, p = 0.037; Time × Treatment, p = 0.011) ( Fig. 5 c) ( Fig. 5 d) .
Both Cold Exposure and Retrodialysis of TRH in the PVN Increase Gluconeogenesis and Lipolysis Gene Expression in the Liver and BAT, Respectively
In order to understand the mechanism behind the thermogenesis and changes in glucose metabolism dur- ing cold exposure and TRH administration, we analyzed the expression profile of a number of genes that are involved in glucose metabolism and heat production, in the liver and BAT, respectively. In the liver ( Fig. 6 a, c) , Pgc1a mRNA expression was not changed by cold exposure, but tended to increase ( p = 0.067) after TRH administration. Expression of Pgc1b was significantly increased in both the cold and TRH treatment groups. Pparg gene expression was decreased in response to TRH treatment, but not cold exposure. Gene expression of Pepck , a key enzyme in controlling gluconeogenesis, was greatly increased in both the cold and TRH groups. Glucose-6-phosphatase ( G6pase ), the enzyme that hydrolyzes glucose-6-phosphate into free glucose, showed a trend towards increased expression after both cold exposure ( p = 0.060) and TRH administration ( p = 0.086). Farnasoid X receptor ( Fxr ) expression was markedly decreased by TRH, but not cold treatment. Expression of the T3-responsive gene type 1 deiodinase ( Dio1 ) did not change after either cold exposure or TRH administration. In BAT (see Fig. 6 b, d ), gene expression of the transcriptional factor Pgc1a was upregulated both by cold and TRH treatment compared to their controls. Expression of Pparg was increased by TRH administration, but unchanged during cold exposure. As to glucose metabolism, glucose transporter 4 ( Glut4 ) showed a trend towards an increase ( p = 0.06), and glucokinase ( Gck ) mRNA was significantly increased after TRH treatment, but both were unchanged after cold exposure. For lipid metabolism in BAT, lipoprotein lipase 1 ( Lpl ) and hormone-sensitive lipase ( Hsl ), two enzymes involved in triglyceride uptake and hydrolysis, were significantly increased in the TRH group. Cold exposure induced a significant increase in Lpl but not Hsl expression. Type 2 deiodinase ( Dio2 ), an essential enzyme converting T4 into T3, was markedly increased (5-fold) by both cold and TRH treatment. Gene expression of the uncoupling protein ( Ucp1 ) did not change by either cold or TRH treatment . Expression of the beta-adrenergic receptor Adrb 3 did not differ significantly in either the cold-or TRH-treated animals compared to their controls. Heat shock protein ( Hsp90 ) was significantly increased by both cold and TRH treatment.
Discussion
Both cold exposure and TRH administration locally in the PVN rapidly, i.e. within 30 min, increased body temperature, locomotor activity, glucose metabolism, plasma TSH, and corticosterone concentrations. Molecular changes in the liver and BAT were in line with these physiological data by showing increased expression of genes involved in gluconeogenesis and thermogenesis, respectively, again after both cold exposure and TRH administration. The TRHinduced increase in glucose production was partly mediated by the autonomic nervous system. The potent activation of TRH neurons in the hypothalamus during cold exposure is well known [1, 21, 34] . Our current results show that the PVN may be one of the target areas needed in effectuating the changes induced by the increased hypothalamic expression of TRH. We conclude that the increased release of TRH in the PVN activates a neural mechanism that induces metabolic and behavioral changes in line with a key role in the cold-defensive response.
Plasma glucose homeostasis is maintained by balancing glucose uptake and glucose production, with the liver as the major glucose-producing organ [35, 36] . Despite increased liver gluconeogenesis, as suggested by the enhanced gene expression of Pepck, G6pase , and Pgc1b, blood glucose concentrations did not change during the 2-h cold exposure. Likely, the increased glucose produced was utilized by heat-producing organs such as BAT and muscle, as several studies have shown that cold exposure induces increased glucose uptake and carbohydrate oxidation in muscle and BAT [37] [38] [39] . Interestingly, TRH administration locally in the PVN also upregulated gene expression in the gluconeogenic pathway in liver, e.g. Pepck , G6pase , and Pgc1 family ( Fig. 6 c) and indeed at the same time increased EGP. In contrast to cold exposure, central TRH administration resulted in a pronounced increase in plasma glucose concentrations, probably because these animals were not exposed to cold. The increased glucose production is consistent with the previously reported central hyperglycemic effect of TRH [40, 41] , but difficult to reconcile with hyperglycemia reported in TRH deficient mice [9] . Furthermore, a stronger effect was observed when TRH was administered specifically in the PVN, as compared to an intracerebroventricular (ICV) infusion (online suppl. Fig. S1 ), indicating that the ICV effects were probably effectuated via the PVN. Indeed, the autonomic control of liver glucose metabolism by the PVN has been well recognized [42, 43] . Consistently, both HSX and HPX significantly blocked the TRH-induced increase in plasma glucose. This HSX/ HPX induced reduction of the TRH-induced hyperglycemia is probably due to a blockage of glucose production in liver, as both HSX and HPX also attenuated the TRHinduced increase in EGP. The neural mechanism of this effect is further stressed by the fact that HSX/HPX reduced the TRH-induced EGP increases despite an intact corticosterone response (online suppl. Fig. S2 ), i.e. a wellknown stimulator [19] of hepatic glucose production [44] . Notably, HSX and HPX each only blocked approximately half of the TRH-induced EGP and plasma glucose increase, indicating that most likely a total denervation is needed for a complete blocking effect or that a hormonal component such as the HPA axis is involved as well.
Animals in a cold environment reduce their heat loss and enhance their metabolic rate in order to maintain thermal homeostasis [45, 46] . In line with this, we observed an accelerated metabolic rate as reflected by the increased O 2 consumption during cold exposure and a resultant transient increase in body temperature. Cold exposure also led to increased locomotor activity, which may contribute to an increase in body temperature. These effects might be mediated by TRH as suggested by our current results and those of previous studies [4, 47, 48] . Indeed, TRH administration in the PVN increased body temperature in a rather prompt and sustained way. Although our estimated dose of TRH administration (0.2 μg/h) was rather low compared to other studies (0.1-40 μg single injection) [4, 16, [26] [27] [28] , long-term exposure to TRH could result in downregulation of TRH receptors, which may account for the slight drop in temperature after 40 min of TRH infusion ( Fig. 4 b) . Furthermore, at the molecular level, TRH administration in the PVN stimulated the expression of genes facilitating energy utilization and metabolic activity in BAT, very much similar to the changes induced by cold exposure. Elevated expression of Lpl and Glut4 mRNA in BAT suggests increased fatty acid and glucose uptake and the increased expression of Hsl , an important enzyme for triglyceride hydrolysis, will result in an increased availability of free fatty acids for energy production. Taken together, the transcriptional changes show that both cold exposure and TRH administration in the PVN stimulate fuel recruitment and mobilization (e.g., lipids and glucose) in BAT, an essential preparation for BAT thermogenesis [37, 49] . Other changes in BAT in response to cold are mitochondrial biogenesis and adipocyte proliferation, which at the molecular level are revealed by an increased expression of transcription factors such as Pgc1a and Pparg [50, 51] . In line, TRH administration in the PVN indeed also significantly increased Pgc1a and Pparg mRNA, suggesting a boost of BAT activation. Additionally, the remarkable increase in Dio2 mRNA by both cold and TRH treatment, indicating an increase in local T3 production, provides another important step towards increased BAT thermogenesis [52, 53] . Surprisingly, expression of Ucp1 , the key protein in BAT that uncouples substrate oxidation from ATP synthesis to heat production, did not change under either cold or TRH treatment. Of note, an increased BAT adrenergic responsiveness could serve as a pre-UCP1 step enhancing BAT thermogenesis [54] . Moreover, UCP1 activity may have been increased without changing its expression [55] . It is possible that cold exposure or TRH administration increased adrenergic responsiveness, so that BAT heat production was elevated without changing UCP1 expression. An earlier study by Lin [56] showed that hyperthermia after an intrahypothalamic TRH injection in rats was due to both increased heat production and cutaneous vasoconstriction. It is likely that a decreased heat loss also contributed to the increased temperature observed in our results.
TRH administration in the PVN increased plasma TSH concentrations shortly after the start of the perfusion. TSH has been suggested to have a thermogenic effect and can increase Ucp1 expression in rat brown adipocytes [57, 58] . At present, we cannot exclude that in addition to the neural effects of TRH, plasma TSH may have a direct effect on glucose metabolism and thermoregulation, although Ucp1 expression in BAT was not upregulated. One may argue that the increased concentrations of plasma thyroid hormones caused the effects observed during TRH administration. However, we believe that the effects of thyroid hormone in the TRH MD experiment, if any, were subtle. First, the changes in TH levels occurred only at the end of the 2-h TRH perfusion, i.e. long after the onset of the effects on glucose, corticosterone, locomotion, and body temperature. Secondly, TRH-induced hyperthermia cannot be mimicked by thyroid hormone administration alone as shown by previous studies [48] . Thirdly, expression of Dio1 , a T3-sensitive gene in the liver, was not changed. Of note, our recent work also suggests a neural and endocrine effect of systemic TRH on BAT activation in human [6] .
The PVN neurons send dense projections to the brainstem and spinal cord to control autonomic responses [59, 60] , as well as to other brain areas important for glucose metabolism and thermoregulation [61] [62] [63] . Previously, a number of studies have demonstrated the implication of several hypothalamic areas, such as the preoptic area and dorsomedial nucleus, in the thermoregulatory effects of TRH [4, 5, 64] ; however, little or no attention has been paid to TRH effects in the PVN during cold exposure on glucose mobilization and BAT thermogenesis. The PVN contains a moderately dense number of TRH receptors [17, 18] as well as direct TRH-immunoreactive synaptic inputs to TRH neurons [19, 20] . These observations indicate that TRH may modulate TRH and/or other neurons in the PVN, e.g. CRH neurons. The increased TSH release after TRH administration in the PVN also supports the existence of short-cut autocrine or paracrine circuits for positive feedback activating TRH neurons as also proposed earlier [19, 20] . On the other hand, the PVN may have both stimulatory [15, 65, 66] and inhibitory effects on thermoregulation [14, 67, 68] , depending on different neurotransmitters involved, suggesting a heterogeneity in the PVN neurons that are involved in thermoregulation. Interestingly, a recent study by Song et al. [69] showed that a group of preoptic Vglut2+ neurons inhibited thermogenesis by exciting corticotropin-releasing hormone (CRH) but not TRH neurons in the PVN. Taken together, our current results suggest a differential control of thermoregulation by distinct neuronal populations in the PVN, i.e. CRH neurons inhibiting and TRH neurons stimulating thermogenesis. However, whether the TRH released in the PVN is derived from TRH neurons within the PVN or extra PVN areas cannot be deduced from the current experiments. Future experiments should indicate which neurons within the PVN, i.e. TRH or non-TRH containing, are mediating these effects.
In conclusion, our study demonstrates that TRH administration in the PVN induces metabolic and behavioral changes mimicking those during cold exposure, which places the PVN in the center of the cold defense mechanism.
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